Introduction
Digital holography has become properly available since its confirmation was established in 1994 [1] [2] [3] . For a few years, digital holography has become a very stimulating topic for the scientific community working in this area. Spectacular applications have been demonstrated, such as microscopy (also known as quantitative phase imaging or interferometric phase microscopy) [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] , material properties [15] , surface shape [16] , polarization imaging [17] , displacement field measurements [18, 19] , or vibrations [20] [21] [22] [23] . In addition, an increasing number of applications rely on the possibilities of using digital color holography to record and reconstruct colored objects at high precisions by using a simple optical setup [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] . The main motivation for digital holography is related to the possibility of recording the optical phase of the scene. Instead of classical photography which is only recording the square of the amplitude of the complex optical field, digital holography provides full information. This unconventional imaging method offers opportunities for studying a large panel of physical events: study of internal field grows in lithium niobate crystal [42] , study of the clarinet reed behavior in the auto-oscillation regime [43] , imaging nanoparticles in living cell environments [44] , visualizing fish embryo [45] , or visualizing through smoke with infrared digital holography [46] . Digital holography is also a powerful approach for investigating fluids and to visualize/measure dynamic flows [29, [47] [48] [49] . However, visualizing flows inside a transparent but strongly refracting object remains a challenge for digital holography. To illustrate this purpose, consider the three main modes for recording a digital hologram: object having a rough surface (opaque object), pure phase object, and strongly refracting transparent object. Figure 1 shows these three situations. Figure 1(a) shows the case of the rough object: the object wave front is speckled, and the recorded hologram also includes speckle grains modulating the fringe pattern. In Fig. 1(b) , the phase object produces a relatively smooth wave front, leading to microfringes without strong speckle modulation. In Fig. 1(c) , the object is transparent but also strongly refracting light: the object wave is then strongly deformed after passing through the medium, and generates glare points between the object and sensor planes. Figure 2 shows the recorded holograms and reconstructed images obtained from the three different recording schemes and object types. Figure 2(a) shows on the left the speckled digital hologram and on the right the full field image reconstructed using the discrete Fresnel transform; one can easily see an in focus 1€ coin localized in the upper left corner of the field of view. In Fig. 2(b) , the left part shows a three color digital hologram in which one can recognize the microfringes. After digital processing, the optical path difference can be measured (shown on the right) [47] . Figure 2 (c) illustrates the case of the strongly refracting object constituted by a low quality plastic tank filled with water and including small balls; the digital hologram is unstructured. Using the discrete Fresnel transform, the reconstructed amplitude image (provided on the right) does not include any pertinent image of the tank and balls. The glare points due to the strong refractions (secondary focal points) are numerically back propagated, thus inducing blur of the image.
Other objects, such as a glass ball, a bulb, a glass container, a glass flask, …, are not opaque but they are refracting light and measuring inside is not straightforward. Then, observing physical phenomena, such as refractive index variations, convection currents, or thermal gradients, occurring inside the object require specific methods. The approaches proposed in the past [29, [47] [48] [49] [50] [51] [52] [53] [54] are very powerful to measure flows or temperature fields and very appropriated when the envelope including the gas/liquid is relatively smooth and transparent (i.e., not strongly refracting).
In digital holography, the use of a stochastic screen to analyze flows was first discussed by Demoli et al. [29] . They used a three-color Fourier holography setup combined with subtraction holography [55] , and a ground glass was adjusted in front of the object, between its plane and the sensor plane. The test object was a transparent tank filled with oil and heated to create convective thermal flows which lead to refractive index variations in the oil. The object to be recorded (i.e., the oil and its index variations) being a pure phase type, the ground glass plate was used to diffusely scatter the object beam. Experimental results show qualitative color movie from the sequence of RGB reconstructed amplitude images. In that case, the ground glass plate acts as a screen on which are projected the Newton fringes from the interferences in the tank. Although the results are quite impressive, no quantitative measurement of convection in the fluid was demonstrated.
In this paper, we would like to take benefit of stochastic holography to overcome the problems induced by strongly refracting objects, in order to be able to exhibit the phase changes inside the object without suffering from any image distortion. This paper is organized as follows; Section 2 describes the proposed method, optimization parameters and reconstruction process; Section 3 provides a proof of principle by considering the case of a lightening bulb which is submitted to a current to produce light; Section 4 proposes a comparison with silver-halide real-time holographic interferometry; and Section 5 gives conclusions and few perspectives to this study.
Stochastic Digital Holography

A. Experimental Setup
The approach that can be quite adapted to visualize inside a strongly refracting object is described in Fig. 3 . A cw laser at λ 532 nm is split into a reference and an object wave. The reference wave is propagating to the sensor area by using a 50% cube. It is beforehand spatially filtered and expanded to produce a plane and smooth wave front. The cube is slightly tilted to produce an off-axis hologram. The object wave is expanded and is impacting a ground glass localized behind the object under interest. The test object is a transparent and refracting specimen and is physically localized at distance d 0 from the sensor plane. Due to the stochastic illumination, a speckle wave is produced by the ground glass. After passing through the specimen, this speckle wave is strongly deformed but does not lose its speckle nature. This means that the digital hologram produced by the coherent mixing between the reference and the object wave includes speckle and looks like that of Fig. 2 (a) (left). The sensor includes N × M 1920 × 1440 pixels with pitches p x p y 3.65 μm, with conventional frame rate.
B. Recording Large Objects
The Shannon conditions impose a general rule [56] : the reconstructed object must be included in the reconstructed field. In the Fresnel approach, with reconstruction distance d r , the width of the reconstructed field is equal to λd r ∕p x . So, the dimension of the experimental setup is directly proportional to the size of the object. For example, using a wavelength at 532 nm, to study an object sized 15 cm × 15 cm, with pixels 3.65 μm, the distance must be at least 4.1 m [56] . In order to satisfy the Shannon criteria with an acceptable size of the setup, and to maintain an acceptable illumination (a 5 m long setup will require high laser power), the use of a negative lens was introduced by Schnars et al. [57] , then generalized to a lens assembly by Mundt and Kreis [58] . The negative optical system provides a virtual image of the object at the closest distance from the sensor. This virtual object is reduced (optical magnification jγ opt j < 1) and in the same direction as the physical object. In Fig. 3 , the negative lens placed just before the combining cube in front of the sensor produces a virtual image localized at distance d 0 0 from the sensor. The digital hologram is then produced with the speckled virtual image wave. This leads to a more compact system compared to the case where the lens is not used.
The optimization of the off-axis setup has to satisfy the basic rules about the Shannon conditions [56] . Particularly, the focal length of the lens has to be judiciously calculated. We choose as criterion that the observation angle from the sensor to the virtual image has to fulfill this condition:
where α Δa∕a is the accepted tolerance in the superposition of the useful 1 order and the 0 order, a being the width of the object. 
C. Holographic Recording and Reconstruction
In the recording plane, the hologram is expressed as [1] :
where
is the reference plane wave, with spatial frequency fu 0 ; v 0 g related to the tilt provide by the cube, and O 0 is virtual object wave. The object wave at the recording plane is given by a convolution formula (* means convolution):
where A 0 x; y A 0 x; y expiψ 0 x; y is the virtual object wave front at the virtual object plane, and hx; y; d 0 is the impulse response of free space propagation
There are primarily two ways to compute the reconstruction of digitally recorded holograms. These methods are based on Eq. (3) and its possible different interpretations [60] .
The algorithm uses (K; L) data points, with generally K; L ≥ M; N. The pixel pitches of the reconstructed image in the x and y directions are given, respectively, by Δη λd r ∕L p x and Δη λd r ∕K p y . The spatial resolution in the reconstructed plane are ρ 0 x λd r ∕N p x and ρ 0 y λd r ∕M p y , respectively, for the x-y directions of the set of reference axis attached to the object. The physical spatial resolutions are then given in the object plane by ρ x ρ 0 x ∕γ opt and ρ y ρ 0 y ∕γ opt . From the numerical computation given by Eq. (5), the amplitude and phase of the virtual field can be evaluated. The amplitude image is related to the image of the virtual object given by the lens, whereas the phase is useful to investigate refractive index variations, convection currents, or thermal gradients, occurring inside the object. For this, one has to evaluate the temporal phase differences at different instants. The optical phase when lightening is off is subtracted from that estimated at any instant of the recording. A quantitative measurement can be obtained after unwrapping the phase differences. Since the refractive index variations are encoded in the unwrapped phase, the use of the Gladstone-Dale relation leads to determining density variations.
Proof of Principle
We are interested in applying the proposed method to the visualization and analysis of a small air jet inside a molten glass at high temperature during its manufacturing process. In this paper, we present a proof of principle that was obtained with a light bulb submitted to a current to produce light. Holograms were recorded at different instants after the bulb lightening. In this paper, the diffuser illuminating the object is sized 10 cm × 20 cm and a superposition tolerance of α 20% is accepted. For a physical distance d 0 1150 mm, the evaluation of the virtual distance and the focal length leads to, respectively, d Figure 5 shows experimental results. Figure 5 (a) shows the stochastic recorded hologram when the bulb is off and Fig. 3(b) shows that recorded when the bulb is lightening. Note that the speckle nature of the hologram is clearly observable, as for Fig. 2(a) (left). the spatial resolutions in the physical image plane are estimated at about ρ x 125 μm and ρ y 167 μm. Note that the lightening of the lamp may dazzle the sensor during the recording of the holograms. To avoid this problem, a specific filter centered on the laser wavelength (532 nm) with a spectral bandwidth of 10 nm was located in front of the camera. Figure 6 shows quantitative phase measurements obtained with two consecutively recorded holograms. Figures 6(a) and 6(b) show, respectively, the modulo 2π optical phase without and with lightening of the bulb. The random nature of the phase, induced by the stochastic recording, can be clearly seen. The phase difference is given in Fig. 6(c) and shows modulo 2π digital fringes. These "numerical fringes" exhibit the refractive index variations integrated along the optical path in the air and the glass envelope of the bulb. Figure 6(d) shows the unwrapped phase map obtained from the results in Fig. 6(c) . One can note a very large amplitude variation since the phase values are in the range 10-50 radians [see the colorbar in Fig. 6(d) ]. This measurement includes the contribution due to the refractive index change in the bulb and also a contribution due to the dilatation of the envelope and its refractive index variation due to the temperate increase inside the lamp (≈500°C). For a Pyrex glass (dilatation coefficient at 3.3 × 10 −6 , refractive index at 1.470) with thickness at 0.2 mm, the contribution due to both thermal dilatation and refractive index change is estimated at −3.75 rad. This means that the main part of the amplitude of the measured phase is related to the air density variations inside the bulb (influence of convection currents and thermal gradients).
Comparison with Silver-Halide Plate Holographic Interferometry
In order to validate the experimental results obtained with the proposed method, results obtained with silver-halide real-time holographic interferometry were compared [61] [62] [63] . To do this, two different optical setups were implemented: the first one uses transmission holographic plate as the reference wave, whereas the second one uses reflection holographic plate as the reference wave. Both setups are described in Fig. 7 . Figure 7(a) shows the transmission holography mode, and Fig. 7(b) shows that for reflection holography. Note that silver-halide holographic plates were used and that the size of silver grains is about 8 nm [64] . Such materials provide very high quality holograms.
In the setup of Fig. 7(a) , the object and reference waves are impacting the plate on the same side. In this case, the interference fringes are recorded perpendicularly to the plate surface, and the diffraction efficiency reaches only 10%-15%. The interference fringes are not very well contrasted, but the implementation is very simple as it is easy to put the holographic plate at the same place as that it occupied during the recording. Photography of the setup is shown in Fig. 8 . In the setup of Fig. 7(b) , the object and reference waves are impacting the plate on both sides. Now, the interference fringes are recorded parallel to the plate surface. The diffraction efficiency can reach 100%. In both setups, the image sensor includes a lens assembly to produce an image of the lamp in the pixel plane. To avoid dazzle of the sensor during the recording, a diaphragm is inserted in the lens assembly, in front of the sensor.
The sensor in Fig. 7 has the same characteristics as that used in Fig. 3 to record the digital holograms.
In both setups, a diffusing screen located in the front of the lamp is also used to get a stochastic illumination of the object. The process to get holograms of the lamp is as follows: record a transmission or reflection hologram, apply the chemical treatment to the plate to develop, bleach, dry the plate, and put the holographic plate in the setup anew (exactly at the same location as during the recording). At this step the holographic image of the bulb is observable when the reference wave is illuminating the holographic plate. Thus, it constitutes a reference object wave. Then, the lens assembly is adjusted to produce an in-focus image in the sensor plane. When illuminating both the holographic plate and the diffusing screen, real-time interferences between the reference bulb and that currently submitted to the current can be recorded by the sensor. Note that only the interference fringes can be recorded, and not the optical phase of each individual wave, whereas the digital holographic method does record the complex field. Figure 9 shows a comparison between results obtained with stochastic digital holography and those obtained with silver-halide holographic interferometry. In both cases, recordings are performed about 20 s after the lightening of the lamp. The air density gradients and the convection are then well stabilized. Figure 9 (a) shows the interference image obtained with the amplitude and phase change measured by stochastic digital holography. To do this, the intensity is calculated according to Eq. (6):
where Δφ is the phase change between the current instant and the instant when lightening is off, and A 0 r is the amplitude of the reconstructed image given by the discrete Fresnel transform. Figure 9(b) shows the interference fringes obtained with the setup of Fig. 7(a) , and Fig. 9(c) shows those obtained with the setup of Fig. 7(b) . A very good agreement can be observed between the three experimental results. Furthermore, the image quality given by each method can be appreciated. The images given by silver-halide holographic interferometry include the best spatial resolution. The strand of the lamp can be clearly seen in Figs. 6(a)-6(c) . However, digital holography is more flexible since no chemical processing is required and the optical phase can be obtained from each individual hologram. In holographic interferometry, with transmission or reflection modes, the spatial resolution of the diffracted image by the hologram owns a very high spatial resolution (10 or 12 thousand lines per mm due to the very small size silver-halide grains). So, the image resolution is determined by the sensor resolution. With a pixel pitch at 3.65 μm, the equivalent pitch in the image plane is estimated at ≈73 microns, since the optical magnification provided by the lens assembly is ≈1∕20. Thus, the images recorded with the silver-halide holography have a slightly better resolution than that obtained with stochastic digital holography, the ratio being, respectively, 1.64 and 2.28 in the x and y directions.
That is an interesting feature of the digital holographic approach. The very good quality of the reconstructed images can also be perceived with the zoom in Fig. 5 , the strand of the lamp being correctly reconstructed.
Conclusion
As a conclusion, this paper proposes a digital holographic method to visualize and measure refractive index variations, convection currents, or thermal gradients, occurring inside a transparent but strongly refracting object. The proof of principle is provided through the visualization of air density variations inside a lighting bulb. Comparisons with transmission and reflection holography demonstrate the high image and phase quality that can be extracted from the stochastic digital holographic setup.
